H 12~
were used in good geometry. A pair spectrometer with three fast counter channels was used to measure the attentuation of the beam. The synchrotron was monitored with a magnetic monitor which was susceptible only to the high-energy tail of the bremsstrahlung spectrum above screening, and found that screening with less-effective on the electrons than it was on the nucleus. Thus, so-called "triplet production'"' (pair production in the field of the orbital electrons) is greater than lp . /Z.
. a1r This is disucssed in more detail later (section liB). Several nonscreened theories have been given, the most complete being that of Borsellino. 4 He finds that pair production in the field of an electron very slowly approaches that in the field of a nucleus of unit charge. At 300 Mev the former is 5o/o smaller than the latter.
The first indisputable observation of triplet production was that . 5 reported in 1944 by Ogle and Kruger, who used the 2. 67 -Mev gamma from radiosodium. This is just above the threshold (4mc 2 ) for triplet 6 production, and --as has been shown by Watson and more rigorously 7 by Vortruba --the three electrons tend to share the available energy about equally for a photon energy that is less than 5 Mev; while for photon energies above this, the positron and one electron get most of the energy with the third electron getting 1/2 mc 2 in the extreme relativistic limit. · Thus, to observe the effect directly, one should use gammas just above the threshold. Ogle and . . Kruger observed the pairs and triplets formed in the air in their cloud chamber. They detected 56 pairs and 2 triplets with excellent momentum and energy balance.
More rec'ent cloud-chamber work was. that by Phillips and Kruger 8
with the 6 -Mev gamma from protons on fluorine, by Gaerttner and Yeater 9
with the average energy of 50 Mev from the General Electric betatron, and by Emigh 10 at the Illinois 3.00-Mev betatron. ~esides these direct observations, DeWire 11 at 280 Mev, Lawson 12 at 88 Mev, and Berman 13 at 19.5 Mev have all found it necessary to introduce the theoretical absorption by triplet production to account for the total absorption experimentally observed. However, only Berman studied low..;.z elements, where triplet production is comparable to pair production, and his energy was too low to give rise. to a pair cross section c:omparable to Compton cross section.
Since triplet production is one of the basic inte·ractions.between radiation and matter, it was' proposed to carry out an experiment in which the·cross section for this process· would be determined to statistically significant accuracy. As was mentioned above, at high energies one of the electrons gets very little energy. Thus; a total-absorption experiment was cho.sen as the best method of detectingthe process.
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II. ABSORPTION PROCESSES AT 300 MEV
A. Pair Production in the Nuclear Coulomb Field
For 300-Mev gamma rays, the largest contribution to the total absorption cross section in all elements except hydrogen is that due to pair production in the nuclear Coulomb field. . experiments had indicated, the correction term has a Z dependence.
It is to be noted that this correction is completely negligible for carbon, amounting to less than 0. 1 o/o, and for elements of lower z. As is shown below, triplet production is most readily detectable for low-Z elements. Thus we are justified in calculating nuClear pair production from the Bethe-Heitler theory, in view of its experimental confirmation for low Z.
In calculating the screening of the nucleus by the orbital electrons, A convenient form for the ·differential cross section, ~p-(E+) dE+' for the ~creation of a pair whose positron has an ener,gy in the range E+ to'E+ +dE, whose negative electron has an energy' in the range E_ to E + dE , ·and for the incident quantum whose energy is k , where 
: where cj>l (:y) and cj> 2 (:y) are given graphic~lly in Fig. 1 The maximum interval between points was 10 Mev. The total pair eros s sections were obtained by graphical integration of these curves (see Table 1 below}. ·From calculations such as this, a plot of the pair cross section vs. photon energy may be obtained. Such a curve is shown in Fig. 3 . 
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"f= z2( e2\ Table I below. It is to be noted that screening is less effective on the orbital electrons than it is on t;he nucleus. In the limit of very high ~nergies and complete screening we find = 1. 4 in hydrogen.
20
In this derhation, Wheeler and Lamb have assumed that the probability of producing a pair in the Coulomb field of a free electron is the same as that of a proton. Borsellin9 4 has shown that this assumption is not correct but he has neglected screening. In the limit of high energies, Borsellinds result for the total triplet cross section per atom is Bor~ellino' s res·ult approaches this function very slowly, differing from it by 5% at 300 Mev. -17 -
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.·, (b) Comparis.cm of carbon. pair and triplet differential cross sections.
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At the intermediate energy of 300 Mev it is necessary to consider both screening and the difference between electronic and nuclear effects.
Bethe and Ashkin 20 point out that it is a good approximation to take Borsellino 1 s result for the difference between the cross sections in the field of an electron and in the field of a nucleus of charge 1, and to subtract this from the Wheeler and Lamb cross section. That is:
The justification for this method of calculation of the triplet cross section is that B or sellino 1 s difference between the production probabilities for electronic and nuclear field is due mainly to large momentum transfers, while the screening effect arises from small momentum transfers .. The corrected triplet eros s sections for hydrogen and carbon are given in Table I . Th~y employed the Dirac electron theory and. obtaine.d a result that has been verified experimentally at energies up to 3_00 Mev .
. By means of a total-absorption _experiment on beryllium, in which the pair production processes are eliminated by determining the ratio of The element that has been· the most thoroughly investigated with regard to photomeson production is hydrogen. Interest has centered on hydrogen, owing to the relative's1ihpllcity: of the interaction,for which there is some hope for a theor~tica:l ~xpianation. · since the case of photon on · at 300 Mev. It seems reasonable to interpret this increase as being due to photostar production in which a meson is created and reabsorbed. If this is the case,, the cross section for this effect has already been included in that for photostar production.
G. Nuclear Photoeffed
LevinthaLand SilY-erman 32 have -studied the--electromagnetic ejection of fast protons from carbon and found that the cross section at 300 Mev-is about 10 -2S crn 2 within a factor of 10. T:P.e process here is of the type .
described by Chew and Goldberger. 33 The more recent data of Keck 34 indicate that the cross section is of this same order of magnitude, but some discrepancy exists in the absolute value of the cross section.
H. Elastic Nuclear Scattering Processes
Elastic nuclear scattering processes such as Thomson scattering from the nucleus as a whole, nucle.ar resonance scattering, etc., contribute a toted cross section at 300 Mev in carbon of lo-30 crn 2 , which is entirely negligible.
I. Photoelectric Effect
The photoelectric effect, which is so important as a mechanism for gamma-ray absorption at lower energies, is negligible at 300 Mev, 
III. METHOD
The most direct method of obtaining the triplet cross section would be to detect the three electrons for a given photon energy. ; It has been mentioned previously that the third electron gets very little of _the energy at 300 Mev. Thus the direct observation of the effect, either electronically or by cloud chambers, would be exceedingly difficult if not impossible .
. Superimposed upon this difficulty is the problem of working wit~ a brerns-· .. strahlung spectrum.
A simpler approach is to rneas'Ure the total absorpt~on c,ross s.ection for a given photon energy for elements in which the triplet cross sec1i.on-is an appreciable fraction of that total absorpti~n cross ,section.
If, from theory and experiment, one can make reasonable est~rnates of the cross sections for the competing processes at this energy, .a value of the triplet eros s section can be obtained.
A. Choice of Targets
It is desirable to have the triplet cross section as large as possible with respect to the nuclear pair cross section. Since the former has a Z 2 and the latter a Z dependence, one would naturally choose as small a Z as is practical. Hydrogen is the obvious choice, si~ce ~t 300 Mev the two effects are about equal in magnitude, each contributing about 40o/o of the total absorption cross section, with the Compton effect giving 18o/o and photorneson production the remainder. Unfortunately, hydrogen in gas or liquid form is dif:frcult to work with, and the attenuation due to the hydrogen would be very small with existing targets.
One could go to other elements in liq~id or solid form, but the hydrocarbons, benzene (C 6 H 6
) and cyclohexane (C 6 H 12 ), have some definite advantages that ultimately led to their being selected. They are readily available in-high-purity samples. They are free of the fire, explosion, and general handling problems inherent in hydrogen targets, while having a hydrogen concentration comparable to that of liquid hydrogen. Unfortunately, their use requires a subtraction type of experiment. However, one also obtains the total absorption cross section in carbon at the same time. Due to the prodigious number of counts necessary to give reasonable accuracy on the hydrogen cross section in a sub~;raction type of experiment, the carbon cross section,W'aich is about 15 times as large, will have been determined to the best accuracy obtainable. This will have been accomplished with an absorber whose density is known to within a f.ew parts in 10 4 These hydrocarbons ·make it possible to determine the total absorption eros s section ih carbon to a much higher precision than would be possible with a graphite target, owing to the density uncertainties in the latter:
From the total absorption cross section in carbon, one can also determine the triplet cross section. It is true ·that carbon lacks the simplicity of hydrogen, in which the number of possible processes is very limited, but the competing reactions in carbon (other than nuclear pair, triplet and Compton effect) stiH amount to less than 2 percent of the total. At the same time, the triplet effect contributes about 12 percent. Thus one has the possibility of measuring· the triplet cross section to even higher accuracy than is possible with hydrogen. Owing t.o screep.ing, which is a function of the atomic number, this will not be simply six times the cross section of hydrogen. I.t is thus seen that this subtraction experiment has proven itself valuable.
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B. Target Assembly
The two hydrocarbons were contained in identical aluminum cylinders, 29 inches long and 2-1/2 inches in diameter, with 5-mil aluminum end windows. The absorber length was chosen so as to
give approximately 1/e attentuation of the gamma-ray beam at 300 Mev.
The temperature of the targets was monitored, and the data were corrected for· density variation and change in target length.
Since the method of the experiment was to measure the ratio of the number of 300-Mev quanta that penetrate the absorber to the number reaching that point with no absorber, it was nec;:essary to have a third target. This one was identical with the other two except that it was evacuated to less than 15 microns. This provides a true measure of the target -out condition, and eliminates the necessity of subtracting out the absorption due to the Al windows and also correcting for the displaced air column.
The three targets were placed in a "trapeze" target changer, which was remotely controlled from the counting area. This device insured the alignment of the targets with respect to the beam and also
.allowed erie to cycle targets often without necessitating trips into the magnet room. This point is discussed in greater detail below (see section VA).
C. Total Absorption Cross Sections
Tg measure the total absorption cross sections in hydrogen and carbon, it was necessary to determine the ratio of the number of 300 -Mev quanta that reach the converter of the pair spec~rometer when the absorber is in place to the number reaching that point without the absorber.
The latter measurement is made with the evacuated dummy target in place of the hydrocarbon target. The pair spectrometer was equipped with three channels of coincidence apparatus (described ~n detail below;
here it is considered only as an instrument for· determining the intensity of photons .at the energy k and with a resolving power shown in Fig. 7) . To reduce this possibility as far as possible, the absorber was placed as far from the geometry-defining collimato.r before the spectrometer as space would permit (see Fig. 8~ . The maximum solid angle subtended by the 1/2-inch collimator at the absorber was 10-3 steradian.
Next, the spectrometer was set to detect an energy of approximately 90% of k • This energy gives a negligibly small possibility for degraded 0 photons, while providing a sufficient number of primary quanta to make the experiment feasible. The value finally chosen was k = 300 Mev. The gamma-ray beam, after emerging froz:n.the quartz doughnut, passed through a thin-walled ion chamber, which in the past had served as the monitor for the synchrotron beam {about ,which. more is said below).
At a distance of 55 inches from the Pt target ,the beam was collimated to 1/8 inch by a brass-lined primary collimator. ina lead.vvall9 inclies thick.
Next was a 1/ 4-inch collimator in a 6 -inch lead wall, , tp remove• the electron spray produced by the primary collimation.
The beam next passed through the magnetic. monitor, discussed below, and finally struck the abso,rber. · After. the .ab.sor')ler was the final collimator. It was a 1/2-inch-diameter hole .in a. 6-inch;-thick ~ead wall. This collimator SE;rved to remove the shower parjcles that were The electron detectors, three along each side of the pair magnet, were placed along a straight line making a 30° angle with tl).e beam axis and passing through the center of the converter. In this way, in the ext"reme relativistic limit, the detector distance from the converter is directly proportional to the electron energy acceptable at the detector.
The center detector on each side, position 2 in Fig. 8 , was rigidly fixed, its position having been calculated from the absolute field data. The other four dete~tors were movable over short distances, Positions 1-1, 2-2 and 3-3 each form a coincidence counting channel. These three channels-were set to the same energy, 300 Mev, by· the following method:
The experimental shape of the bremsstrahlung spectrum near its quantum limit was determined by varying the magnetic field in the pair magnet.
The shapes given by the three channels are not expected to be exactly the-_same, owing to differences in counter efficiencies, etc. The cutoffs must be the same, however, if all channels are reaHy set to look l at the same energy. The movable counters were repositioned an~ the curves were again run until aU three cutoffs coincided. The spectroxpeter was then set to look at 300-Mev quanta with a channel width of 6 Mev.
C.· Electron Detectors and Electronics
The photons were converted in a Pb or B'e converter, its position being remotely controlled. The pair electrons were detected in stilbene scintillation crystals 1 by l/2 by 1/2 inc'h in size. These were mounted on 3 .foot lucite Hght pipes, which were viewed by 1 P21 photomultiplier tubes. The 1 P21' s were magneticaHy shielded and watercooled to reduce noise.
The phototube output pulse was first limited and then dipped to 1. 5
x 10-9 seconds, and the two signals for each channel were then fed into bridge-type coincidence circuits. The bridge output was amplified and 
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Block diagram of electronics for one coincidence channel.
primarily due to variations in the capacitor high voltage and in the shape of the rf envelope (which determines the time with respect to peak field and the energy of the electrons when they strike the synchrotron t~rget).
It is thus seen that an ionization chamber is a poor monitor for bremsstrahlung flux when one operates near the spectrum cutoff. This was first observed experimentally when a single -channel pair spectrometer looking at 300-Mev quanta 'Was used directly in the synchrotron beam.
It was found that the number of coincidence counts per unit of integrated flux as measured by the ion chamber va~ied by 15%. -36 -
V. RESULTS AND CONCLUSIONS
A. Data A total of 1, 500, 000 coincidence counts were taken in the course of three independent runs over the period of a year. The results were consistent within statistics.
In each run the three targets were cycled frequently, a one -hour cycle period being typical. As it wa-s ratios of counting rate with dummy in to counting rate with absorber in that were to be measured, cycling would tend to cancel out long -time nonperiodic beam variations. In this same respect, every effort was made to minimize the number of trips into the magnet room in order to maintain machine stability, Because the absorbers attenuated the beam by a factor of 1/e at 300 Mev, the flux through the pair spectrometer in the desired energy interval would vary over a factor of almost three on switching from absorber to dummy. In order to assure that the spectrometer was always operating at the same efficiency, the synchrotron beam was varied so that the flu.x through the spectrometer was maintained at a constant value.
Placing a portable Zeus meter behind the pair spectrometer helped the operator maintain this constant value.
B .. Cross Sections
The total absorption eros s sections at 300 Mev in hydrogen and -26 2/ carbon were found to be {1. 88 ± 0. 10) x 10 em hydrogen atom and and they amounted to less than 0. 5o/o.
The calculations of the experimental triplet cross sections in hydrogen and carbon at 300 Mev are summarized in Table II below, and the theoretical cross sections are given for comparison.
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